Lewis acid-catalyzed Friedel-Crafts reactions are useful for the synthesis of α-aryl-α-methylglycines. Reaction of methyl acetamidoacrylate 1 with anisole and phenol has been optimized and a short two-steps synthesis of amino acids α-methyl-α-(4-methoxyphenyl)glycine (5) and α-methyl-α-(4-hydroxyphenyl)glycine (9) was achieved with excellent yields. A new route is described to obtain both enantiomers of amino acids 5 and 9 by resolution of the racemic mixture using chiral high performance liquid chromatography.
Introduction
It is well known that α-amino acids are vital to life as building blocks for peptides, proteins and many other natural products. Beside the 20 proteinogenic amino acids, the number of known naturally occurring unusual structures is constantly increasing.
1 An interesting non-proteinogenic class of amino acids are the arylglycines, most of them obtained from natural antibiotics, although also a number of unique synthetic arylglycines have been designed to be used as sidechain moiety of semi synthetic penicillins and cephalosporins. 2 In recent years, α,α-disubstituted glycines have focused a great interest because their incorporation into peptides stabilise some secondary structures and increase the peptide stability toward biological and chemical degradation, so they have been used as enzyme inhibitors for investigation of enzymatic mechanisms. 3 Over and above that, many α,α-disubstituted glycines also possess an important biological activity, including some α-alkylated arylglycine derivatives.
For instance, the simplest member of the family, α-methyl-α-phenylglycine, (αMe)Phg, has been incorporated in analogues of aspartame 4 as well as in tripeptides used as thrombin inhibitors. 5 Similarly, a tetrapeptide mimetic derived from α-methyl-α-(4-cyanophenyl)glycine inhibited human platelet aggregation and it could be used for treatment of thrombosic diseases. 6 However, the most significant biological activity of α-alkyl-α-arylglycines is their effect on the metabotropic glutamate receptors. It is now accepted that (S)-glutamate is the principle excitatory neurotransmitter in the vertebrate nervous system, 7 acting at a wide variety of glutamate receptor subtypes. 7, 8 These glutamate receptors can be divided into two general classes: ionotropic glutamate (iGlu) receptors and metabotropic glutamate (mGlu) receptors. 7,8b In order to better characterize the different synaptic functions for different subtypes, selective antagonists are very much required. Since the Watkins' pioneering work, 9 a number of phenylglycine derivatives have been identified as selective antagonists for mGlu over iGlu receptors. One of the first antagonist to show selectivity for mGlu over iGlu receptors was (S)-(+)-α-methyl-α-(4-carboxyphenyl)glycine, (+)-M4CPG, which displayed activity at all three groups of mGlu receptors. 7,8a,9 Some other α-alkylated arylglycine derivatives have also been found to be selective antagonist of the metabotropic glutamate receptors (mGluRs).
10
In recent years there has been much interest in the possible therapeutic applications of mGlu receptor ligands. Before the therapeutic potential and physiological significance of the mGluR subtypes can be fully explored, it is necessary to develop potent and selective ligands for these receptors. Therefore, efficient routes for synthesizing enantiopure α-methyl-α-arylglycines are of major interest to make them useful as pharmacological tools to understand the roles of mGluRs in neuronal synaptic functions. Whereas a wide variety of synthetic routes for construction of chiral α,α-disubstituted α-amino acids has been reported, 3 only a few synthetic approaches to the α-alkyl-α-arylglycines have been developed, including asymmetric synthesis and resolution of racemic mixtures. Stereoselective α-alkylation of cyclic compounds 11 and asymmetric Strecker synthesis 12 are the mostly used approaches to optically pure α-methyl-α-arylglycines. Alkylation of chiral, nonracemic arylglycine enolates derived from bis-lactims, 11a oxazinones, 11b,c imidazolidinones 11d,e and oxazolidinones 11f afforded α-alkyl-α-arylglycines with good diastereoselectivity. However, these methods need many steps for the preparation of the target molecules and the synthesis is restricted to the availability of the corresponding α-arylglycine, being used almost exclusively to obtain α-methyl-α-phenylglycine. On the other hand, although the Strecker reaction has been the most widely used method for the synthesis of arylglycines, only two examples on the application of this reaction to the synthesis of α-alkyl-α-arylglycines have been reported. 12 This limited success is probably due to the poor reactivity of the ketones towards the Strecker conditions. Aside these two principal routes, some other stereoselective strategies based in sterocontrolled rearrangements have been reported to obtain α-methyl-α-phenylglycine.
13
With regard to racemic synthesis and further resolution, the literature reports only a few examples. Different α-alkyl-α-phenylglycines were prepared by alkylation of a phenylglycine derivative and subsequent separation of the diastereomeric peptides by crystallisation, 14 which involves the introduction of additional synthetic steps to the pathway towards the final products. On the other hand, racemic Strecker 9,10a or Bücherer 15 reaction followed by resolution (fractional crystallisation of diastereomeric salts, 9,10a separation of the diastereomeric dipeptides 15a or a new variant of preferential crystallisation without using a resolving agent) 15b have exclusively been applied to the synthesis of (+)-M4CPG.
To the best of our knowledge, no other racemic routes have been developed to access to both enantiomers of α-alkyl-α-arylglycines, so we would like to report here a completely different strategy for the synthesis of α-methyl-α-arylglycines in enantiomerically pure form, through a racemic Friedel-Crafts reaction and further resolution by HPLC using a polysaccharide-derived chiral stationary phase.
Results and Discussion
Synthesis of racemic α-methyl-α-arylglycines N-acyl-α,β-didehydroamino acids have proved to be useful intermediates in the asymmetric and non-asymmetric synthesis of α-amino acids. Methyl 2-acetamidoacrylate 1, one of the simplest compounds of this family, is known to behave as dienophile, 16 
Scheme 1
Therefore, we applied our methodology to the preparation of α-methyl-α-arylglycines in a racemic form. Since anisole had proved to be reactive toward the α-amidoalkylation, our first challenge was to obtain amino acid α-methyl-α-(4-methoxyphenyl)glycine.
The results of the α-amidoalkylation depend on the reaction conditions and the Lewis acid used as a catalyst. 19, 21 Our previous studies on the Friedel-Crafts reaction between methyl 2-acetamidoacrylate and aromatic compounds showed that, under homogeneous reactions, the best results were obtained using boron trifluoride etherate as a catalyst. 19 For this reason, all reactions studied were performed in the presence of this Lewis acid as a catalyst. First, we optimized the previously described conditions (1/ BF 3 .Et 2 O/ anisole 1/1.1/4, CH 2 Cl 2 , room temperature) for the Friedel-Crafts reaction. Although nearly complete conversions were observed by 1 H-NMR, yields were only about 60%, probably due to polymerization of methyl 2-acetamidoacrylate (this decomposition had previously been observed in reaction of 1 with cyclopentadiene). 16b We tested different conditions to increase the reactivity of 1 toward the S E Ar avoiding the competitive decomposition reaction and the results are shown in Table 1 . As can be seen in Table 1 , more time or higher temperature led to a higher conversion, but yields were not improved (entries 2, 3). Increasing catalyst or anisole proportion was successful for the α-amidoalkylation (entries 4, 5) and this effect was enhanced when both were simultaneously applied (entry 6). Methyl 2-benzamidoacrylate also behaves as an equivalent of the α-methylglycine cation, but the results are poorer (entry 7). Finally, the best conditions (entry 6) provided in a reproducible manner the main compound methyl N-acetyl-α-methyl-α-(4-methoxyphenyl)glycine rac-3 that can be easily separated by column chromatography of its ortho-isomer rac-4. Then, subsequent deprotection of the amino and the carboxylic functions in compound rac-3 by treatment with concentrated HCl provided the hydrochloride of α-methyl-α-(4-methoxyphenyl)glycine rac-5 in an excellent yield (Scheme 2).
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Scheme 2
With the aim to extend this strategy to a general synthesis of α-methyl-α-arylglycines, we attempted the reaction with other aromatic carbocycles. Therefore, we tested some benzene derivatives having different groups affecting reactivity in electrophilic aromatic substitutions, as bromobenzene, benzonitrile, toluene, phenyl acetate, phenyl benzoate, acetanilide or phenol. Unfortunately, only strongly activated systems (anisole, phenol) are useful to react with methyl 2-acetamidoacrylate 1. This behavior has also been found under heterogeneous catalyst, 21 but, in that case, phenol and anisole were not even activated toward the α-amidoalkylation. Then, phenol was investigated as starting material in the synthesis of α-methyl-α-(4-hydroxyphenyl)glycine. In presence of BF 3 .Et 2 O, phenol reacted with methyl 2-acetamidoacrylate 1 to afford methyl N-acetyl-α-methyl-α-(4-hydroxyphenyl)glycine rac-6 besides the ortho-isomer rac-7 and a lactone rac-8 (Scheme 3). The presence of compound 8 can be explained from an α-amidoalkylation followed by a transesterification reaction. A similar product has been described by Ben-Ishai when using glyoxylic acid derivatives as synthetic equivalents of glycine cations in reactions with aromatic compounds. Table 2 shows the results of the optimization of the reaction between methyl acetamidoacrylate 1 and phenol. Yields of isolated products are higher that obtained starting from anisole (compare results of tables 1 and 2) even at shorter reaction times, accordingly with the higher activation on the aromatic ring. An increase of the BF 3 .Et 2 O/1 ratio was sufficient to obtain an excellent yield without an additional excess of phenol (entries 3, 4) although lowering the phenol/1 ratio slowed the reaction (entry 2). Unlike that occur in anisole reactions, FriedelCrafts reaction on phenol is ortho-directive ("ortho" includes both ortho-isomer rac-7 and lactone rac-8), probably due to the irreversible formation of cyclic compound 8. When more catalyst was used, less ortho-isomer rac-7 was detected. In the best conditions (entry 3), an equimolecular mixture of para-isomer rac-6 and cyclic derivative rac-8 as sole products was obtained and the isomers can be easily separated by column chromatography. Finally, the hydrolysis of rac-6 in the same conditions used with compound rac-3 provided α-methyl-α-(4-hydroxyphenyl)glycine as hydrochloride (9) in an excellent yield (Scheme 3).
In this way, short two-steps synthesis of amino acids rac-5 and rac-9 from anisole or phenol, respectively, was achieved. To the best of our knowledge this is the first reported synthesis of amino acid 9. With regard to amino acid 5, we have found in the literature only one reference, a diastereoselective synthesis of the (S)-isomer by application of a sulfinimine mediated Strecker reaction using N-sulfinyl ketimines as substrates.
12b In our case, spectroscopic data are according with those described.
HPLC resolution of rac-3 and rac-6
Once an efficient route to the target compounds had been developed, we undertook the preparation of both enantiomers of the amino acids 5 and 9 in optically pure form. Although enantiomers can be obtained by the separation of diastereoisomers, the direct separation of enantiomers by preparative chromatography on chiral stationary phases (CSPs) is today recognized as a powerful alternative. 23 CSPs derived from cellulose and amylose are extremely popular because of their wide applicability and usefulness in enantioselective liquid chromatography. 24 In this work, two non-commercial polysaccharide-derived supports consisting of mixed 10-undecenoate/3,5-dimethylphenylcarbamate of cellulose and amylose, respectively, covalently attached to allylsilica gel were used. 25 The covalent immobilization results in an extremely high stability for these phases in the presence of a wide range of solvents. The excellent chiral discrimination exhibited by these stationary phases towards a variety of compounds, together with its high chemical stability, make it especially suitable for resolutions on a preparative scale, as we had already shown in the preparative enantioseparations of different phenylalanine 26 and other amino acid 27 surrogates.
Although the mechanism for chiral discrimination on CSPs derived from arylcarbamates of polysaccharides remains ambiguous, the interaction between the carbamate residues of the chiral selector with the racemate, mainly through hydrogen bonding involving the N-H and C=O groups of the carbamate groups, is proposed as the most important factor for effective enantiodiscrimination.
24b In such a case, amido esters rac-3 and rac-6 should be suitable substrates for enantioseparation.
Then, the HPLC analytical resolution of derivatives rac-3 and rac-6 was tested on both columns, CSP-1 (derived from 10-undecenoate/3,5-dimethylphenyl-carbamate of cellulose) and CSP-2 (derived from 10-undecenoate/3,5-dimethylphenylcarbamate of amylose). Different mixtures of n-hexane/2-propanol, n-hexane/ethanol, n-hexane/2-propanol/acetone and nhexane/ethanol/ /acetone were tested as eluents (flow rate 1 mL/min). Tables 3 and 4 contain the most representative results. Table 3 . Selected chromatographic data for the HPLC resolution of rac-3 on CSP-1 and different chromatographic modes [a] entry chromatographic mode eluent [b] λ (nm) k´1 [c] α [c] R s [e] A/C/D 97/1.6/0.4 260 6.31 1.07 0.61 [a] Column dimensions: 150 × 4.6 mm ID, flow rate: 1 mL/min, injection volume: 5µL, samples dissolved in ethanol. [b] A: n-hexane, B: iPrOH, C: EtOH, D: acetone.
[c] For the definition of k´ (capacity factor), α (separation factor) and R s (resolution factor), see Experimental Section.
[d] c = 5 mg/mL. [e] c = 100 mg/mL.
Compound rac-3 could not be separated on CSP-2 under any chromatographic conditions explored, but it did on CSP-1, derived from the 3,5-dimethylphenylcarbamate of cellulose ( Table  3 ). The use of mixtures of n-hexane/2-propanol as eluents did not allow a good separation (entries 1 and 2), but addition of some acetone improved both the selectivity (α) and the resolution (R s ) (entries [3] [4] [5] . The best analytical chromatographic separation achieved was that involving about 2% of acetone in the eluent (entry 4). However, when a concentrated sample of rac-3 (c = 100 mg/mL) was injected into the analytical column in an overload mode to scale-up the analytical resolution to the semi preparative conditions, saturation of UV detector was observed in all range of λ between 190 and 300 nm, due to the absorption of the acetone. Only when the amount of acetone was lower than 1%, detection in the overload mode was possible (entry 6), but with a decrease in the R s of the separation. Taking into account this requisite, the optimal eluent was determined as a 94/5.4/0.6 mixture of n-hexane/2-propanol/acetone (entries 7 and 8). Since the solubility of the solute is a critical factor in preparative chromatography and rac-3 was much more soluble in ethanol than in 2-propanol, mixtures of nhexane/ethanol/acetone was tested as eluents, leading to better results in overload mode. Taking into account that ethanol is more polar than 2-propanol and induce a decrease in the capacity factor and, hence, in the R s (entry 9), a mixture of n-hexane/ethanol/acetone 97/2.4/0.6 was finally chosen to perform the semi preparative resolution (entries 10, 11). [c] For the definition of k´ (capacity factor), α (separation factor) and R s (resolution factor), see Experimental Section.
Compound rac-6 was resolved on the both systems CSP-1 and CSP-2 (see Table 4 ) but R s were not very high in any case, probably due to the poor solubility of the racemate and the subsequent enlarging of the peaks. Binary systems did not work as eluents for the resolution on CSP-1 (as an example, see entry 1), so ternary mixtures of solvents were studied. When the best chromatographic conditions on CSP-1 (a 97/1.6/0.4 mixture of n-hexane/ethanol/acetone, entry 2) were scaled-up to overloading mode, resolution of the peaks did not occur. On CSP-2 (derived from the 3,5-dimethylphenylcarbamate of amylose), the optimal separation conditions were determined by adding a certain amount of chloroform to a mixture of n-hexane/ethanol (entries [5] [6] [7] [8] to enhance the solubility of the compound. The best analytical chromatographic separation was achieved by using a 91/5/4 mixture of n-hexane/chloroform/ethanol as the eluent (entries 7 and 8), which gave the highest values for the separation factor α and resolution R s .
Finally, under the conditions described above, the separations of rac-3 and rac-6 were performed at the semi preparative level. HPLC resolution of rac-3, (650 mg) dissolved in ethanol (6.5 mL) was carried out by successive injections of 100 µL on a 150×20 mm ID column filled with the 10-undecenoate/3,5-dimethylphenylcarbamate of cellulose bonded on allylsilica gel, using a 97/2.4/0.6 mixture of n-hexane/ethanol/acetone as the eluent (flow-rate 18 mL min -1 ).
Two separate fractions were collected. Evaporation of the first fraction provided 260 mg of the first eluted enantiomer in a 90/10 enantiomeric ratio. The second fraction contained 330 mg of the last eluted enantiomer, in a 98/2 enantiopurity. Evaporation and crystallization from hexane of the second fraction led to 150 mg of the more strongly retained enantiomer in optically pure form. Crystallization of the first fraction led to a solid more enriched in the second enantiomer, probably due to the higher solubility of the enantiomer if comparing with the racemate. Then, the less strongly retained enantiomer (100 mg) was obtained from the liquor mother with a 99% ee. Likewise, HPLC resolution of rac-6 was carried out on a 150×20 mm ID column filled with the 10-undecenoate/3,5-dimethylphenylcarbamate of amylose bonded on allylsilica gel. A solution less concentrated than used in the preliminary study (c = 80 mg/mL) was employed, because of the low solubility of the racemate caused eventually its precipitation. Then, a solution of 500 mg of rac-6 in 6.3 mL of ethanol was injected (repetitive injections of 100 µL) onto the semi preparative column and a 91/5/4 mixture of n-hexane/chloroform/ethanol was used as the eluent (flow-rate 18 mL min -1 ). Three separate fractions were collected. The first fraction contained 235 mg of the first eluted enantiomer with 98% ee and the third fraction provided 190 mg of the last eluted enantiomer in a 94/6 enantiomeric ratio. The second fraction (61 mg) contained a 35/65 mixture of the first and the second eluted enantiomers. Crystallization from ethanol of first and last fractions provided, respectively, 190 mg of the less strongly retained enantiomer and 130 mg of the more retained one, both in optically pure form. Finally, the resolved enantiomers of 3 and 6 were subjected to hydrolysis under the conditions previously developed for the racemic material, affording in high yields the desired amino acids (S)-5, (R)-5, (S)-9 and (R)-9, respectively, as hydrochlorides.
Assignment of absolute configurations
Since (S)-5 had been described, 12b determination of the specific rotations of the enantiomerically pure amino acid hydrochlorides 5 and comparison with the data reported in the literature allowed us to identify the first eluted enantiomer of 3 as (S) while to the more strongly retained one was assigned the (R) configuration. However, enantiomers of α-methyl-α-(4-hydroxyphenyl)glycine 9 had never been described. In order to assign the absolute stereochemistry of each enantiomer of 6, transformation of the first eluted enantiomer of 6 into the corresponding enantiomer of 3 was carried out by alkylation with methyl iodide in the presence of anhydrous K 2 CO 3 . Measurement of the specific rotation of such obtained enantiomer of 3 allowed us to assign an (R) configuration to the less strongly retained enantiomer of 6 and an (S) stereochemistry to the last eluted one, and also to determine the absolute configuration of their corresponding derived amino acids 9.
Conclusions
In conclusion, we have shown that Friedel-Crafts reaction between an equivalent of α-methylglycine cation, methyl acetamidoacrylate 1, and phenol and other activated aromatic rings is possible. The racemic process described here, because of its simplicity and the use of readily available chemicals, appears to be a promising and useful route to a variety of α-methyl-α-arylglycines, either aromatic α-amino acids derived of strongly activated aromatic rings in the electrophilic aromatic substitution, or amino acids obtained by further transformation of activating group. This procedure allowed us to describe, for the first time, the synthesis of α-methyl-α-(4-hydroxyphenyl)glycine.
Furthermore, resolution of racemic mixtures by chiral semi-preparative HPLC has provided the two enantiomers of α-methyl-α-(4-methoxyphenyl)glycine and both enantiomers of α-methyl-α-(4-hydroxyphenyl)glycine.
Experimental Section
General Procedures. All reagents were purchased from the Aldrich Chemical Co. (Milwaukee, WI) and used without further purification. Solvents were dried, when necessary, by standard methods. The progress of the reactions was checked by thin layer chromatography (TLC) on Merck 60 F240 precoated silica gel polyester plates and products were visualized under UV light (254 nm) or ninhydrin chromatic reaction as appropriate. Column chromatography was performed using Merck silica gel (40-60 µm). Melting points were determined on a Büchi SMP-20 apparatus and were not corrected. IR spectra were registered on a Mattson Genesis FTIR spectrophotometer; ν max is given for the main absorption bands.
1 H-and 13 C-NMR spectra were recorded on a Varian Unity-300 or a Bruker ARX-300 at room temperature, using the residual solvent signal as internal standard); chemical shifts (δ) are expressed in ppm and coupling constants (J) in Hertz. Optical rotations were measured in a 10 cm cell at 25ºC using a PerkinElmer 241 Polarimeter-C. Elemental analyses were carried out on a Perkin-Elmer 200 C, H, N, S analyzer. HPLC was carried out on a system equipped with a Waters 600-E pump and a Waters 991 photodiode array detector. The preparation of the chiral stationary phases, consisting of mixed 10-undecenoate/3,5-dimethylphenylcarbamate of cellulose or amylose, has been previously described. 25 The solvents used as mobile phases were of spectral grade. HPLC analytical assays were carried out on a 150×4.6 mm ID column with an eluent flow rate of 1 mL min -1 and UV monitoring at the corresponding λ indicated in tables 3 and 4. The capacity (k' r ), selectivity (α) and resolution (R s ) factors are defined as follows: 61, 168.34, 156.14, 129.16, 128.61, 128.49, 120.34, 111.00, 59.74, 55.34, 52.85, 24.09, 21.77 . Resolution of methyl N-acetyl-α-methyl-α-(4-methoxyphenyl)glycinate (rac-3). HPLC resolution of rac-3 (650 mg) dissolved in CH 2 Cl 2 (6.5 mL) was carried out by successive injections of 0.1 mL on a 150×20 mm ID column filled with mixed 10-undecenoate/3,5-dimethylphenylcarbamate of cellulose bonded on allylsilica gel (CSP-1) and using a mixture of n-hexane/ethanol/acetone 97/2.4/0.6 as the eluent (flow rate: 18 mL/min). Two separate fractions were collected. The first and last fractions contained, respectively, 90/10 (260 mg) and 2/98 (330 mg) mixtures of (S)-3 and (R)-3. Crystallization of the first fraction led to a solid more enriched in the second enantiomer. Then, (S)-3 (100 mg) was obtained by evaporation from the liquor mother with a 99% ee. Crystallization from hexane of the second fraction obtained in the semipreparative resolution led to 150 mg of enantiomerically pure (R)-3. Spectroscopic data for both (S)-3 and (R)-3 were the same as described above for rac-3. 19, 169.90, 152.97, 129.90, 129.55, 124.46, 122.41, 110.89 56.81, 23.86, 21.92 . Resolution of methyl N-acetyl-α-methyl-α-(4-hydroxyphenyl)glycinate (rac-6). HPLC resolution of rac-6 (500 mg) dissolved in ethanol (6.3 mL) was carried out by successive injections, each of 0.1 mL, on a 150×20 mm ID column filled with the 10-undecenoate/3,5-dimethylphenylcarbamate of amylose bonded on allylsilica gel (CSP-2), and using a 91/5/4 mixture of n-hexane/ethanol/chloroform as eluent (flow rate, 18 mL min -1 ). Three separate fractions were collected. Evaporation of the first fraction provided 235 mg of (R)-6 with 98 % ee. The third fraction supplied 190 mg of (S)-6, in a 94/6 enantiomeric ratio. The second fraction collected (61 mg) contained a 35/65 mixture of (R)-6/(S)-6. Crystallization from ethanol of first and last fractions provided, respectively, 190 mg of the(R)-6 and 130 mg of (S)-6, both in optically pure form. Spectroscopic data for both (R)-6 and (S)-6 were the same as described above for rac-6. 9 ]. An identical procedure to that described above was applied to transform (R)-6 (94.9 mg, 0.4 mmol) into (R)-9 (78 mg, 0.39 mmol, 97% yield). Spectroscopic data are the same as those described for rac-9. Mp 300-302 ºC (dec. 
